Activating mutations in the KRAS oncogene are common in colorectal cancer. However, the complete spectrum of KRAS targets that mediate its tumorigenic effect has not yet been fully delineated. We identified bone morphogenetic protein 4 (Bmp4), a transforming growth factor-␤ family member that regulates development and tissue homeostasis, as a new target of KRAS. In SW480, Hela, and 293 cells, oncogenic KRAS V12 downregulated BMP4 RNA levels, a BMP4 promoter luciferase construct, and Bmp4 protein levels. The MEK inhibitor PD98059 but not the phosphatidylinositol 3-kinase inhibitor LY294002 blocked this downregulation of BMP4. To identify the region of the BMP4 promoter that mediated this regulation by KRAS, serial 5=-deletions of the promoter were generated. An inhibitory region was identified between Ϫ3,285 and Ϫ3,258 bp in the Bmp4 promoter. In summary, oncogenic KRAS can downregulate Bmp4 through a transcriptional pathway that depends on ERK. These findings point to a unique link between two pathways that are frequently altered in colon cancer. bone morphogenetic protein 4; GATA2; colon cancer; extracellular signal-regulated kinase; phosphatidylinositol 3-kinase KRAS, A GDP/GTP BINDING PROTEIN that functions as a key intracellular signal transducer, is one of the most frequently activated oncogenes in human cancer. As many as 17-25% of all tumors harbor a KRAS mutation (18). It plays a particularly important role in the pathogenesis of colon cancer, where mutations are identified in up to 50% of cases. In its active, GTP-bound state, KRAS signals through multiple downstream pathways including the RAF/MEK, MAPK, JNK, and phosphatidylinositol 3-kinase pathways (4, 6, 21, 23) and thereby regulates target genes that promote cell growth and survival. However, the complete spectrum of targets that mediate the oncogenic effects of KRAS has not yet been fully delineated.
KRAS, A GDP/GTP BINDING PROTEIN that functions as a key intracellular signal transducer, is one of the most frequently activated oncogenes in human cancer. As many as 17-25% of all tumors harbor a KRAS mutation (18) . It plays a particularly important role in the pathogenesis of colon cancer, where mutations are identified in up to 50% of cases. In its active, GTP-bound state, KRAS signals through multiple downstream pathways including the RAF/MEK, MAPK, JNK, and phosphatidylinositol 3-kinase pathways (4, 6, 21, 23) and thereby regulates target genes that promote cell growth and survival. However, the complete spectrum of targets that mediate the oncogenic effects of KRAS has not yet been fully delineated.
In an attempt to identify novel genes regulated by oncogenic KRAS in colon cancer, we utilized a cDNA microarray approach and previously identified bone morphogenetic protein 4 (Bmp4), a member of the transforming growth factor-␤ (TGF-␤) family. Alterations in TGF-␤ signaling are known to play an important role in the pathogenesis of many human cancers, including colon cancer (28, 32) . Although most studies have focused on the role of TGF-␤ in malignancy, there is growing evidence that the BMP subfamily also plays an important tumor suppressive role (17) . Bmp4 binds to its type II receptor and recruits a type I receptor (BMPR1A and BMPR1B). After heterodimerization, the type II receptor phosphorylates and activates the type I receptor, resulting in serinethreonine kinase activity and concomitant phosphorylation of the signal transducer molecules Smads-1/5/8. The phosphorylated Smads-1/5/8 then heterodimerize with Smad4 and translocate to the nucleus, where they regulate the expression of Bmp4 target genes.
Recently, it has been demonstrated that germline mutations in either BMPR1A or SMAD4 result in the inherited cancer predisposition syndrome juvenile polyposis (11) (12) 37) , indicating a role for the BMP pathway in the pathogenesis of intestinal polyps and tumors. This was confirmed in a mouse model, where inhibition of BMP signaling resulted in the formation of numerous ectopic crypts, mimicking the juvenile polyposis syndrome (7) . In addition, BMP signaling controls duplication of intestinal stem cells through suppression of Wnt-␤-catenin signaling, thereby preventing crypt fission and the subsequent increase in crypt number (9) . Furthermore, BMPs exhibit tumor-suppressive properties in human colon cancer cells (1, 24) . However, Bmp4 has not yet been linked to KRAS.
In the present study, we describe a novel interaction between KRAS and Bmp4 in colon cancer. Oncogenic KRAS can transcriptionally downregulate Bmp4 expression, and this is mediated through the ERK signaling pathway. In the BMP4 promoter, an inhibitory region was identified that was responsive to KRAS. These findings point to a unique link between two pathways that are frequently disrupted in colon cancer.
EXPERIMENTAL PROCEDURES
Cell culture. 293T and Hela cells were maintained in DMEM supplemented with 10% FBS and penicillin/streptomycin. The human colon cancer cell line SW480 stably transfected with an small interfering (si)RNA against mutant KRAS V12 (SW480 siKrasV12 ) or a mock siRNA (SW480 sicontrol ; Ref. 14) was maintained in DMEM supplemented with 10% FBS, penicillin/streptomycin, and 2 ug/ml puromycin. Cells were treated with 20 M PD98059 (Calbiochem) and 50 M LY290042 (Calbiochem) for 12-24 h.
DNA microarrays. RNA was isolated from SW480 sicontrol and SW480 siKrasV12 cells utilizing the RNeasy mini prep kit per manufacturer's instructions (Qiagen, Valencia, CA). RNA quality control, target preparation, and array hybridization and scanning were performed per recommended specifications (Asuragen, Austin, TX). Genechip PrimeView human arrays were utilized (Affymetrix, Santa Clara, CA). CEL files were analyzed utilizing R/Bioconductor package, oneChannelGUI. Briefly, normalization of expression values was performed utilizing the "Expresso" option, selecting "RMA" as the background correction, "quantiles" as normalization, "pmonly" as the PM correction, and "MAS" as the expression. Probes were filtered with IQR settings of 0. 25 . P values were calculated using a two-tailed Student's t-test. Microarray data have been submitted to Gene Expression Omnibus (GSE35663).
Plasmids and constructs. The phr-GFP-KRAS  V12 , phr-GFP-KRAS  D12 , phr-GFP-KRAS  D13 , phr-GFP-KRAS wt , and kinase-mutant ERK1/2 constructs have been described previously (14, 16, 31) . Empty phr-GFP and pcDNA3 plasmids were used as controls, respectively. The human Bmp4-promoter luciferase plasmid 3.36-kb Bmp4-luc was generated by PCR amplifying the BMP4 promoter 1 region using the human RP112526II clone (Invitrogen) as a template and cloning the PCR product into pGL3basic vector using the unique restriction enzyme sites NHE1 and XHO1. The construct was confirmed by DNA sequencing. Deletion constructs were generated by digesting 3.36-kb Bmp4-luc with Psi and XHO1 to generate the 3.17-kb Bmp4-luc plasmid, with Kpn1 and Xho1 to generate the 2.1-kb Bmp4-luc plasmid, with AvrII and Nhe1 to generate the 1.7-kb Bmp4-luc plasmid and with SpeI and Nhe1 to generate the 0.46-kb Bmp4-luc plasmid. Site-directed mutants were generated using the Quick-Change protocol (Stratagene) and the mutagenic primers 5=-GGAATTAAGGGCTACTGCGCTTATAGGATTATCTTTTCAC and 5=-GTGAAAAGATAATCCTATAAGCGCAGTAGCCCTTAATTCC. The introduced mutations were confirmed by DNA sequencing. The human Bmp4-promoter 2-luciferase plasmid was generated by PCR amplifying the BMP4 promoter 2 region using the human RP112526II clone (Invitrogen) as a template and cloning the PCR product into pGL3basic vector using the unique restriction enzyme sites HindIII and XHO1. The construct was confirmed by direct sequencing. The full length BMP4 promoter luciferase plasmid, containing both promoter 1 and promoter 2, was generated by subcloning the 3.36-kb Bmp4 fragment into Bmp4-Prom2-luc. pRLnull plasmid was used as for assaying transfection efficiency.
Transfections. Transient transfections of plasmid DNA was carried out using Lipofectamine 2000 (Invitrogen) according to the manufacturer's recommendations. SW480 siKrasV12 and SW480 sicontrol cells were seeded in 12-well dishes to reach 50% confluency the day of transfection. The 0.8 ug of promoter plasmids were cotransfected with 50 ng pRL-null plasmid and harvested 24 h after transfection. Luciferase assays were performed using the Dual Luciferase Kit (Promega) on a luminometer (Monolight 3010; Pharmingen). 293T and Hela cells were seeded in 6 well dishes to reach 60% confluency the day of transfection. Two micrograms of expression plasmid were transfected, and RNA was harvested 24 -48 h after transfection.
RNA analysis. RNA was extracted using RNeasy mini kit (Qiagen) and quantitative reverse transcription PCR was performed using SuperScript III Platinum Two-Step qRT-PCR kit (Invitrogen). The 18S rRNA served as an endogenous control. Primer sequences for Bmp4 and 18S are available upon request. PCR cycles were 2 min at 95°C, followed by 40 cycles with annealing temperature of 55-58°C. A fluorogenic SYBR Green and MJ research detection system were used for real time quantification. Relative mRNA expression was calculated using the parameter threshold cycle (CT) values. ⌬CT was the difference in the CT values derived from the specific gene being assayed and the 18S rRNA. ⌬⌬CT represented the difference between the paired samples, as calculated by the formula ⌬CT of a sample Ϫ⌬CT of a reference. The amount of target was normalized to 18S, and the reference was calculated as 2 Ϫ⌬⌬CT . ELISA. Bmp4 protein concentration was assayed utilizing the Quantikine human Bmp4 kit (R&D Systems) following the manufacturer's recommendations. SW480 sicontrol and SW480 siKrasV12 cells were seeded into 6-cm dishes to reach 80% confluence the next day. Serum starvation was performed for 24 h. Supernatant was collected, centrifuged, and used undiluted for ELISA.
Western blot analysis. Cells were lysed in chilled lysis buffer (Cell Signaling) supplemented with proteinase inhibitor (PSC; Roche). Then, 15-20 ug protein lysate were resolved on 4 -12% NuPAGE Bis-Tris polyacrylamid gels (Invitrogen) and transferred to polyvinylidene difluoride membranes (Millipore). Nuclear extracts were isolated using NPER kit (Pierce). The blots were probed with KRAS (Santa Cruz; 1:1,000), pERK and total ERK (Cell Signaling; 1:1,000), pSMAD1/5/8 and SMAD1 (Cell Signaling; 1:1,000), and ␤-actin (Sigma; 1:3,000) antibodies. Immunoreactive proteins were visualized using Western Lighting Chemiluminescence Reagent Plus (Perkin Elmer Life Sciences).
BMP4 mRNA decay assay. SW480 sicontrol and SW480 siKrasV12 cells were treated with 5 ug/ml actinomycin D. RNA was harvested after 0, 1, 2, 4, 8, and 12 h and transcribed into cDNA. Quantitative (q)RT-PCR was performed with Bmp4 and 18S primers as described.
Methylation assays. SW480 sicontrol and SW480 siKrasV12 cells were seeded in 60-mm dishes. Twenty-four hours later, 2 M 5-azacytidine (Sigma) were added to the medium. Cells were treated for 4 days with daily replacement of 5-azacytidine. RNA was extracted 4 days after initiation of treatment and qRT-PCR performed as described.
Bisulfite sequencing. DNA from SW480 sicontrol and SW480 siKrasV12 cells was extracted utilizing blood and cell culture kit (Qiagen). One microgram DNA of each cell line was diluted in 21 l Tris-EDTA (TE) buffer. Four microliters of a 2-M NaOH solution were added and samples were incubated at 50°C for 20 min. After incubation, DNA was mixed with low-melting agarose, and beads were formed by dropping 10 l of DNA mixture into cold mineral oil. DNAcontaining agarose beads were incubated with 2.5 M sodium metabisulfite and 125 mM hydrochinone at 50°C for 4 h. Beads were washed four times with TE. After being washed, beads were desulphonated with 0.3 M NaOH for 15 min at room temperature. After being desulphonated, beads were again washed twice with TE and twice with water. Washed beads were used as template in a nested PCR. Primer sequences are available upon request. PCR products were purified and sequenced. Acetylation assays. SW480 sicontrol and SW480 siKrasV12 cells were seeded in sixwell dishes and treated with 50 nM trichostatin A for 48 h. RNA was extracted and qRT-PCR performed as described.
Cell growth assays. Then, 1 ϫ 10 5 SW480 sicontrol and SW480 siKrasV12 cells were seeded into sixwell dishes. Cells were treated for 5 days with 2 ug inhibitory anti-Bmp4 antibody (R&D Systems) or mock treated and counted each day using Trypan blue (Invitrogen) and a hemacytometer (Fisher Scientific). EMSA. Nuclear extracts were prepared utilizing NE-PER nuclear extraction reagent (Pierce). Sequences of the BMP4 promoter between 3,361 and 3,171 bp were divided into five fragments and utilized as oligonucleotide probes (Table 1 ). The 5=-ends of the oligonucleotides were labeled with biotin during synthesis, and complementary oligonucleotides were annealed to generate double-stranded fragments. EMSA was performed using LightShift chemiluminescent kit (Pierce) according to the manufacturer's protocol. Briefly, 5 g of nuclear extracts were incubated with 20 fmol of biotinylated oligonucleotides in binding buffer including 50 ng/l poly(dI-dC), 0.05% Nonidet P-40, 2.5% glycerol, 5 mM MgCl 2, and 2 mM EDTA, and the reaction mix was loaded onto 6% DNA retardation gels (Invitrogen). DNAprotein complexes were transferred onto nylon membranes (Roche Applied Science), and the mobility shift was detected using a streptavidin-horseradish peroxidase conjugate and a chemiluminescent substrate. Specificity of shifts was confirmed by utilizing 200-fold molar excess of unbiotinylated oligonucleotides as a specific competitor. Mutagenesis was performed to further define the elements responsible for the specific shifts obtained, as described in Table 1 .
RESULTS

Downregulation of Bmp4 by mutant KRAS.
In SW480 colon cancer cells, the endogenous KRAS gene harbors an oncogenic G12V point mutation. Stable transfection of a specific siRNA against this mutant KRAS resulted in a 90% reduction of KRAS protein expression (Fig. 1) . Accompanying this reduction in KRAS protein levels was a marked reduction of ERK1 and ERK2 phosphorylation (Fig. 1) . cDNA microarray studies of RNA isolated from stably transfected SW480 sicontrol and SW480 siKrasV12 cells indicated that Bmp4 gene expression was twofold higher in cells in which mutant K-ras was knocked down (P Ͻ 0.05). qRT-PCR was performed to verify this result. There was a 7.7-fold increase in BMP4 mRNA expression in cells in which K-ras was knocked down ( Fig. 2A) . As a complementary study, we examined another colon cancer cell line with an endogenous wild-type K-ras gene (HT29). Introduction of a mutant K-ras expression suppressed BMP4 levels 52%. Of note, no such suppression was seen when a wild-type K-ras expression vector was transfected. To determine whether this was a cell-type-specific effect, 293T and Hela cells were transfected with a mutant KRAS V12 expression plasmid and BMP4 mRNA levels were measured. qRT-PCR revealed an ϳ50% reduction of BMP4 mRNA expression in these cells (Fig. 2, B and C) , indicating that mutant KRAS can downregulate Bmp4 in a cell-type independent manner. In contrast, overexpression of wild-type KRAS in 293 cells led to only a 12% reduction in Bmp4 levels, indicating this was effect was KRAS genotype-specific. Finally, a significant downregulation of Bmp4 protein levels was confirmed by ELISA in SW480 sicontrol cells (Fig. 2D) . Thus mutant KRAS can downregulate Bmp4 expression. (Fig. 3A) . In vitro cell growth assays were then performed to define the effects of KRAS silencing. Stable knockdown of mutant KRAS was associated with a significant, twofold decrease in cell number after 5 days (Fig. 3B) . Furthermore, treatment of SW480 siKrasV12 cells with a neutralizing Bmp4 antibody over a 5-day period resulted in a marked increase in cell proliferation, whereas it did not affect the proliferation rate of SW480 sicontrol cells (Fig. 3B) . Silencing of KRAS can therefore reduce cellular proliferation in a Bmp4-dependent manner.
Silencing of KRAS inhibits cell growth in a Bmp4
KRAS downregulates Bmp4 through ERK. We next sought to identify which KRAS effector pathway may mediate this downregulation of Bmp4. The role of the ERK pathway was examined utilizing the specific inhibitor PD98059. Twenty micromoles of PD98059 increased BMP4 mRNA expression 5.1-fold in SW480 sicontrol cells (P ϭ 0.007; Fig. 4 ). However, inhibition of the phosphatidylinositol 3-kinase pathway with LY294002 failed to induce BMP4 mRNA levels in SW480 sicontrol cells (Fig. 4) . Of note, although inhibition of the ERK pathway strongly induced BMP4, it did not reach the peak induction observed with knockdown of KRAS, suggesting that the ERK pathway is a key but not sole mediator of the downregulation of Bmp4 by KRAS.
KRAS regulates Bmp4 expression through transcriptional mechanisms. To determine more specifically how KRAS regulates BMP4 mRNA levels, mRNA decay assays were performed to determine whether KRAS altered BMP4 mRNA stability. No difference in the half-life of Bmp4 was seen in SW480 sicontrol and SW480 siKrasV12 cells (data not shown). To determine whether KRAS regulated Bmp4 expression through epigenetic mechanisms, we examined the acetylation and methylation status of the BMP4 gene. The BMP4 promoter is GC-rich and harbors several CpG islands. However, treatment with either the histone deacetylase inhibitor trichostatin A or the demethylating agent 5-azacytidine did not result in any significant changes in BMP4 mRNA levels in SW480 sicontrol or SW480 siKrasV12 cells (data not shown). Furthermore, DNA bisulfite-sequencing of the CpG island closest to the transcriptional start site of the BMP4 promoter did not reveal any methylated CpG residues within this island (data not shown). 
5=-GATGGGGAATTAAGGGCTGTCACGCTCG Fig. 1 . Knockdown of K-ras blocks activation of ERK. Two different cell clones stably transfected with a small interfering (siRNA) against mutant K-rasV12 in SW480 colon cancer cells (SW480 siKrasV12 ) or stably transfected with a control siRNA (SW480 sicontrol ) were analyzed for K-ras expression by Western blotting. Silencing of K-ras disrupts activation of ERK 1 and 2, shown as a reduction in phosphorylation (p-ERK1 and p-ERK2).
We then sought to determine whether KRAS regulates Bmp4 expression more directly through transcriptional mechanisms. The BMP4 gene contains two promoters that are separated by the first exon and are transcribed in a cell typeand differentiation-dependent manner (34) . Because it is not known which promoter is active in SW480 cells, three different promoter constructs, spanning 3.36 kb of the first promoter (3.36-kb Bmp4-luc), 2.1 kb of the second promoter (2.1-kb Bmp4-luc), or spanning both promoters (5.5-kb Bmp4-luc), were introduced into SW480 sicontrol and SW480 siKrasV12 cells. Only the 3.36-kb Bmp4-luc construct showed activity in these cells, indicating that in SW480 cells BMP4 is under the control of the first promoter (data not shown). Furthermore, the levels of BMP4 were twofold higher in SW480 siKrasV12 cells compared with SW480 sicontrol cells that do not express mutant KRAS (Fig. 5A) , suggesting that mutant KRAS regulates Bmp4 expression through transcriptional mechanisms.
To confirm the role of ERK in the regulation of BMP4 gene transcription, the 3.36-kb Bmp4-luc promoter construct was cotransfected with a dominant-negative ERK plasmid (dnERK). Consistent with the effects of PD98059 on endogenous mRNA levels, dnERK enhanced BMP4 promoter activity 2.7-fold in SW480 sicontrol cells but only 1.7-fold in SW480 siKrasV12 cells (Fig. 5, B and C) . Thus KRAS appears to downregulate BMP4 through transcriptional mechanisms and the ERK effector pathway is an important mediator.
Identification of a regulatory region of the BMP4 promoter responsive to mutant KRAS. To identify regions of the BMP4
promoter that mediate its repression by mutant KRAS, we performed serial 5=-deletions. A significant induction of BMP4 promoter activity was observed in SW480 sicontrol cells when the first 190 base pairs of the promoter construct were deleted (Fig. 6A) , whereas there was only a slight reduction in promoter activity in SW480 siKrasV12 cells (Fig. 6B ). This 190-bp region appeared to contain a regulatory element that repressed transcription, as further deletions did not enhance this induction significantly.
Identification of a critical regulatory element responsive to mutant KRAS. To further characterize the regulatory element in the BMP4 promoter between Ϫ3,361 and Ϫ3,171 bp that is responsive to KRAS, EMSAs were performed. The 190-bp region was divided into five fragments that were utilized as probes for EMSAs (Table 1) . Nuclear extracts were isolated from SW480 sicontrol and SW480 siKrasV12 cells and incubated with the biotinylated probes. Several band shifts of differing intensity were observed in these experimental conditions, but we focused on a band shift that was almost completely absent using nuclear extracts from SW480 siKrasV12 cells when incubated with oligonucleotide 3 (Fig. 7A) . The specificity of the shift band was confirmed utilizing a 200-fold molar excess of unbiotinylated probe (Fig. 7B) . To further narrow the regulatory region, the 40-bp probe comprising oligonucleotide 3 was divided into two smaller oligonucleotides (probes 3A and 3B), and additional EMSAs were performed. A shifted band was readily detectable in nuclear extracts from SW480 sicontrol cells that were incubated with oligonucleotide 3A (Fig. 7C) but was barely detectable when incubated with oligonucleotide 3B (data not shown). Treatment with the ERK inhibitor PD98059 resulted in a loss of the shifted band (Fig. 7D) . Taken together, a regulatory element responsive to KRAS and ERK lies between Ϫ3,285 and Ϫ3,258 bp of the BMP4 promoter.
Transcription factor binding site analyses did not reveal any likely candidates for a transcriptional repressor that recognized DNA sequences within these 28 bp. Therefore, EMSAs were performed with 3 additional biotinylated oligonucleotides in which the first 9 bp, the second 9 bp, or the third 10 bp were mutated ("mut1," "mut2," and "mut3," respectively). Only when nuclear extracts of SW480 sicontrol cells were incubated with oligonucleotide "mut3" did the specific shifted band disappear (Fig. 7E) , suggesting that the key regulatory element is located within these 10 bp. The bands obtained with the "full-length" probe 3 compared with the shorter probe 3A (and its mutants mut1, mut2, and mut3) differ, and this likely reflects differences in DNA-protein interactions due to differing flanking DNA sequences. There are three potential transcription factor-binding sites for GATA1, GATA2, and PLZF in this short promoter fragment. qRT-PCR and Western Blot analyses revealed that of these three transcription factors, only GATA2 was expressed in SW480 cells (data not shown). However, when a promoter construct that contained a specific mutation for the GATA2-binding sequence was tested, no difference was seen between SW480 siKrasV12 and SW480 sicontrol cells (data not shown). Furthermore, silencing of GATA2 with a siRNA did not significantly increase BMP4 mRNA in SW480 sicontrol cells. 
DISCUSSION
BMPs were first identified as regulators of bone formation in adults (33), but they also play an important role in the embryonic development of multiple organs, including the nervous system, musculature, skeleton, skin, hair, teeth, kidney, lung, and the intestinal tract (10, 20) . Furthermore, there is growing evidence that BMP signaling is a key regulator of tumorigenesis. The role of BMP signaling in cancer is likely to be cell type and tissue specific. BMP signaling can inhibit proliferation of breast, prostate, gastric, and colon cancer cells (2-3, 30, 35) . Specifically, signaling through Bmp2 in colon cancer results in growth inhibition (2, 8) . Thus far Bmp4 has not been carefully evaluated in colon cancer pathogenesis, despite the fact that it is perhaps the best understood of all Bmp family members. The regulation of Bmp4 ligand activity has been described, and specific inhibitors such as noggin, chordin and follistatin have been identified (13, 27, 38) . However, insights into the regulation of Bmp4 gene expression are lacking.
BMP4 is a novel target that is downregulated by oncogenic KRAS. A recent report using rat intestinal epithelial cells also demonstrated a dramatic reduction in BMP4 gene expression by oncogenic HRAS, consistent with the present results (15) . This study suggested that HRAS regulation of BMP4 may be mediated through AU-rich element motifs that control mRNA stability. However, we did not observe any differences in mRNA stability of Bmp4 in cells that expressed oncogenic KRAS.
BMP4 mRNA levels may not always correlate with secreted Bmp4 protein levels, as there is evidence that production of TGF-␤ superfamily members can be controlled during posttranslational processing and secretion (20) . However, the current studies demonstrate downregulation of Bmp4 both at the levels of mRNA and protein by KRAS. Furthermore, the functional activity of Bmp4 was verified through altered phosphorylation patterns of the downstream intracellular effectors Smad1/5/8. A limitation of the current study is that reduced levels of Bmp4 have not yet been demonstrated in human tumors with KRAS mutations.
KRAS can signal through various effector pathways, and we have demonstrated that oncogenic KRAS downregulates Bmp4 expression through MAPK/ERK signaling. This is particularly intriguing in light of previous reports that demonstrated an inhibitory effect on BMP signaling by ERK through the phosphorylation of SMAD1 in its linker region (19) . In colon cancer cell lines, activation of ERK can prevent the growth inhibitory effects of BMP2/Smad signaling, potentially through this mechanism proposed by Kretzschmar et al. (19) . Thus ERK may regulate BMP signaling on multiple levels. The effects of Bmp4 are classically mediated through SMAD4 pathways, but SMAD4-independent mechanisms have been described and these instead depend on ERK activation (29, 36) . However, the role of these SMAD4-independent pathways in the suppression of tumor growth has yet to be defined. Epigenetic processes including DNA methylation and histone modification are now recognized as critical events for regulation of gene expression in mammalian cells, and oncogenic KRAS has been implicated in both processes. It can repress RECK expression via histone deacetylation (5) and regulate DNA methylation via the expression of DNMT1 (DNA methyltransferase 1), resulting in decreased expression of uPA (urokinase-type plasminogen activator 1) and Fas (22, (25) (26) . In addition, the BMP4 promoter is GC-rich and a target for DNA methylation. However, we were unable to identify any epigenetic alterations that may mediate the downregulation of Bmp4 expression by KRAS.
Rather, oncogenic KRAS directly suppressed BMP4 promoter activity. A novel Ras-responsive region between Ϫ3,268 and Ϫ3,258 bp of the BMP4 promoter was identified containing a putative repressive element. Transcription factor binding site analysis revealed three potential transcription factors, namely PLZF, GATA1, and GATA2. Of these, only GATA2 is expressed in SW480 cells. However, further analysis demonstrated that GATA2 is not likely to be involved in the KRASmediated downregulation of Bmp4. Rather, there appears to be a new transcriptional repressor that has yet to be identified. This relationship between KRAS and Bmp4 is likely to be broadly relevant. Oncogenic KRAS can downregulate BMP4 gene expression in many different tissues (colon, kidney, cervix), indicating that this effect is not tissue specific. Furthermore, this effect does not appear to be limited to the KRAS V12 mutation, as overexpression of KRAS D12 or K-RAS D13 mutants in 293T cells also downregulated BMP4 mRNA to the same extent as the KRAS V12 mutation (data not shown).
Taken together, we present a novel mechanism for the regulation of BMP4 gene expression and provide evidence for cross talk between KRAS and BMP signaling in colon cancer cells that amplifies the effects on cellular proliferation. Oncogenic KRAS transcriptionally repressed BMP4 gene expression via the ERK pathway, and a novel transcriptional repressor appears to mediate this unique effect. 
